Mg-doped InN epilayers were grown on sapphire substrates by metal organic chemical vapor deposition. Effects of Mg concentration on the photoluminescence ͑PL͒ emission properties have been investigated. An emission line at ϳ0.76 eV, which was absent in undoped InN epilayers and was about 60 meV below the band-to-band emission peak at ϳ0.82 eV, was observed to be the dominant emission in Mg-doped InN epilayers. The PL spectral peak position and the temperature dependent emission intensity corroborated each other and suggested that the Mg acceptor level in InN is about 60 meV above the valance band maximum.
In recent years, research interest in indium nitride ͑InN͒ has significantly increased due to the confirmation of its small band gap energy of ϳ0.62-0.7 eV ͑Refs. 1-9͒ and its potential applications in semiconductor devices, such as light emitting diodes, laser diodes, high efficiency solar cells, and high performance electronic devices, and in the telecommunications wavelength region ͑1.55 m͒. [10] [11] [12] Achieving p-type conduction in InN and high In content InGaN alloys is essential for many device applications but has been exceedingly difficult due to the fact that as-grown InN epilayers are generally highly n type. There has been strong evidence that InN contains an electron accumulation layer on its surface. 4 Thus even if p-type conductivity in bulk InN is achieved by Mg doping, its surface will remain highly n type which creates difficulties in the demonstration of p-type InN, as electrical measurements are often dominated by surface n-type conducting layers. 13, 14 Compared to Mg-doped GaN, very few studies have been done so far concerning the basic properties of Mgdoped InN. [15] [16] [17] [18] A previous study using x-ray absorption fine structure analysis suggested that Mg atoms occupy either the In metal ͑Mg In ͒ or the interstitial ͑Mg Int ͒ site; Hall effect measurements, however, revealed a n-type behavior. 16 More recently, the evidence of a buried p-type layer in Mg doped InN was provided by capacitance-voltage ͑CV͒ measurements. 17 Further evidence of a buried p layer beneath a surface electron accumulation layer in heavily Mg-doped InN was provided by variable magnetic field Hall effect and CV measurements, from which an energy level of about 110 meV was suggested for the Mg acceptors in InN. 18 So far, detailed studies concerning the optical transitions and the Mg acceptor energy level in Mg-doped InN have not been possible due to the fact that most Mg-doped InN films exhibit no ͑or weak͒ photoluminescence ͑PL͒ emission.
In 3 were used as In, Ga, and N sources, respectively. For Mg doping, bis-cyclopentadienylmagnesium ͑CP 2 Mg͒ was transported into the growth chamber during InN growth. Atomic force microscopy revealed a root mean square ͑rms͒ of surface roughness of about 25-30 nm on a 10ϫ 10 m 2 area scan, which was comparable to that of undoped InN. The surface morphology started to deteriorate when R Mg exceeded 35 ml/ min. Both undoped and Mg-doped InN films were shown to be single crystals based on XRD measurements with a c spacing of around 0.568 nm. The full width at half maximum ͑FWHM͒ of the rocking curve of the ͑0002͒ plane of undoped ͑Mg-doped͒ InN epilayers was ϳ500-540 ͑550-630͒ arc sec. Hall effect measurement was attempted to measure the conductivity of Mg-doped InN epilayers. Complete electron compensation by Mg acceptors could not be observed. Instead, increasing the Mg flow rate from 8.5 to 60 ml/ min reduced the free electron concentration ͑n͒ from 2 ϫ 10 19 to 3 ϫ 10 18 cm −3 and the n-type conductivity ͑͒ from 1250 to 125 ͑⍀ cm͒ −1 upon postgrowth thermal annealing at 500°C for 4 min. However, due to the presence of the surface electron accumulation layer, the effects of postgrowth thermal annealing process in Mg doped InN epilayers seem rather complicated and remain to be understood. Furthermore, the postgrowth thermal annealing process may also alter the profile of the surface electron accumulation layer. In order to avoid the complications caused by the postgrowth thermal annealing process in data analysis, we have carried out systematic comparison studies only for unannealed samples, which were shown by the Hall effect measurement to have a comparable free electron concentration. been previously observed in both optical absorption 19, 20 and PL spectra of InN ͑Refs. 20-22͒ and can be accounted for by the fact that the electron Fermi level ͑E F ͒ is above the conduction band minimum or the so-called Moss-Burstein blueshift, which was observed to increase with an increase of the free electron concentration. [19] [20] [21] [22] With respect to the conduction band minimum, E F can be written as 23 where D is the degeneracy factor which is 2 for this case, and n and m * are the electron concentration and electron effective mass, respectively. Using m * ϳ 0.11m 0 ͑Ref. 24͒ and n = ͑1.9-2.0͒ ϫ 10 19 cm −3 for undoped InN, we obtained E F = 140-150 meV. Based on this and the room temperature spectral peak position of about 0.80 eV observed in the undoped InN, the band gap of InN is thus deduced to be 0.66-0.65 eV which is in reasonable agreement with the previously reported band gap of InN ͑ϳ0.62-0.7 eV͒. We thus label the 0.82 eV emission line as the band-to-band emission line in InN.
Compared to the undoped InN layer, an additional emission line at ϳ0.76 eV emerges and is the dominant emission line in Mg-doped InN epilayers. Since this 0.76 eV emission line is absent in undoped InN, we attribute it to the Mgrelated line. This Mg-related emission line is about 60 meV below the band edge emission line at 0.82 eV. Figure 2 summarizes the influence of R Mg on the PL emission properties of the Mg-related line in terms of ͑a͒ the spectral peak position E p , ͑b͒ linewidth FWHM, and ͑c͒ the intensity ratio of the Mg-related emission line to the band edge emission line. Both E p and FWHM initially decrease with increasing R Mg up to 25 ml/ min and then increase. A similar trend is seen for the band-to-band emission line at 0.82 eV. The spectral blueshift seen for R Mg Ͼ 25 ml/ min could be due to an increase in the incorporation of defects and impurities at higher R Mg that increase n and E F . 25 The integrated emission intensity ͑I emi ͒ of the Mg-related transition is observed to decrease exponentially with increasing Mg doping concentration, following a similar trend as the Mg-related transition line in Mg-doped GaN. 26 However, the relative intensity of the Mgrelated emission line to the band-to-band emission line exhibits a maximum at R Mg = 25 ml/ min, as shown in Fig. 2͑c͒ . Figure 3 presents the PL spectra measured at different temperatures for the Mg-doped InN epilayer grown under R Mg = 15 ml/ min. The spectral peak separation of about 60 meV between the Mg-related and band-to-band emission lines is clearly measured at T Ͻ 100 K. At T Ͼ 100 K, only the Mg-related emission line can be resolved. Both emission lines exhibit a blueshift with increasing temperature. This blueshift with temperature is in a sharp contrast to the temperature dependence of the direct band gap ͑E g ͒ in most semiconductors, in which a reduction of E g with increasing temperature is typically observed. The spectral blueshift with temperature may be caused by the electron Fermi level increase due to the free electron concentration increase at higher temperatures. 1, 27 This interpretation is also supported by the Hall effect measurement result that revealed a linear increase of the electron concentration with temperature.
The Arrhenius plots of PL emission intensities ͑I emi ͒ measured in different temperature ranges for Mg-doped InN with R Mg = 15 ml/ min are shown in Fig. 4 . The solid lines are the least squares fit of the data with equation I emi ͑T͒ = I 0 / ͓1+C exp͑−E 0 / KT͔͒, where E 0 is the activation energy of I emi . The Arrhenius plots in the temperature range of 10-100 K, as shown in Figs. 4͑a͒ and 4͑b͒, yield activation energies of 7.5 and 10 meV, respectively, for the Mg-related emission line and the band-to-band emission line, which may be accounted for by the existence of nonradiative recombination channels. 12, 21 In the temperature range of 100-300 K, the activation process is governed by an activation energy of 54 meV. This activation energy coincides fairly well with the spectral peak energy difference of about 60 meV between the Mg-related and the band-to-band transition lines. We therefore believe that the Mg acceptor energy level in InN is about 60 meV above the valance band maximum. The Mg acceptor binding energy of 60 meV in InN obtained from our present work matches well with a recently reported value of about 62 meV observed in Mg-doped InN epilayers grown by molecular beam epitaxy. 28 In summary, we have grown by MOCVD and studied the PL emission characteristics of Mg-doped InN epilayers. An emission line of about 60 meV below the band-to-band emission, which was absent in undoped InN epilayers, was observed in Mg-doped InN. Together with the temperature dependent PL emission intensity result, we suggest that the Mg acceptor level in InN is about 60 meV above the valance band maximum. This work was supported by NSF ͑DMR-0504610͒ and AFOSR ͑FA9550-06-1-0441͒. 
